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In the presence of 2,2,6,6-tetramethylpiperidine (TMP)
1,8-bis(dipentaﬂuorophenylboryl)naphthalene has been found to
activate H2 and to hydrogenate various imines under mild conditions.
In 2006 Stephan et al. discovered that ‘‘metal-free’’ main group
element Lewis acid–base pairs, like Mes2P(C6F4)B(C6F5)2,
1 can
reversibly activate H2. This ﬁnding triggered a search for a new
type of hydrogenation catalysts. Similar to protonic–hydridic
transition metal complexes such hydrogenation systems operate
via a ‘‘bifunctional activation’’ or ‘‘ionic hydrogenation’’ mode
with formal heterolysis of H2. For proper reactivity such Lewis
pairs are expected not to be fully paired but rather establish
only loose contact in the form of encounter complexes of
‘‘frustrated Lewis pairs’’ (FLPs).2,3 As one of the fruitful results
of this concept similar ‘‘FLP’’ systems were found to enable
activation of H2 or other small molecules.
4–15 This remarkable
ﬁnding could then be developed for catalysts for metal-free
hydrogenations of imines, nitriles and aziridines, as well as
enamines and CQC double bonds of silyl ethers.16–19 The range
of the FLPs could then be extended to boron–carbene systems,
in which the steric demand of the carbene substituents were
found to be very crucial to FLP reactivity.7,8 On a related issue
the Rieger group used borane–amine pairs to tune heterolytic
H2 activation further.
9 However, the inﬂuence of the Lewis acid
has up until now been studied less.5,11,12 We reckoned that a
probing of bidentate Lewis acids with both Lewis acidic centers
in close vicinity would oﬀer great opportunity to create
enhanced reactivity via an increase in Lewis acidity and/or
utilization of neighboring eﬀects.20 1,8-Diboryl-naphthalene
derivatives involving two strong, proximal Lewis acidic boron
centers were found to advance to the stage of ‘‘superelectrophiles’’.
For instance 1,8-bis(dimethylboryl)naphthalene was shown to
perfectly chelate small anions, such as hydride or ﬂuoride.21,22
1,8-Bis(diphenylboryl)naphthalene was found to cage an
electron between the two boron atoms generating a long one
electron ‘‘s-bond’’. The empty p orbitals of the neighboring
boron centers are thought to overlap and generate an
energetically extraordinarily low-lying LUMO ‘‘super’’ Lewis
acidic in character.23 We therefore approached the preparation
of 1,8-bis(dipentaﬂuorophenylboryl)naphthalene (1) (Scheme 1)
and expected that it would react with H2 in the presence of a
bulky Lewis base, also taking advantage of the unique bidentate
geometry of 1.
Treatment of 1,8-dilithionaphthalene24,25 with 2 equiv.
of chlorodi(pentaﬂuorophenyl)borane26 in toluene aﬀorded
1,8-bis(dipentaﬂuorophenylboryl)naphthalene (1) as a yellow
solid in 25% yield. The 19F NMR spectrum [d 127.43 (o-),
145.87 (p-), 161.83 (m-C6F5) (d8-toluene)] was consistent
with the presence of three-coordinate boron centers (Ddm,p =
15.96). The 1H NMR spectrum also supported the diboryl
substituted naphthalene structure (d 7.61 (d, 2H), 7.41 (d, 2H),
7.10 (t, 2H)). A single-crystal X-ray analysis revealed a
sterically quite congested molecule (Fig. 1). The tight geo-
metry induces signiﬁcant distortion of the naphthalenediyl
fragments with distorted C(1)–C(10)–B(2) (126.42(2)1) and
C(1)–C(2)–B(1) (126.08(4)1) ‘‘sp2’’ angles. Each boron center
nevertheless adopts a distorted trigonal planar arrangement
with a B1  B2 non-bonding distance of 3.26(1) A˚,
considerably longer than the B  B distance in 1,8-bis-
(diphenylboryl)naphthalene (3.00(2) A˚).23 Steric congestion
of the phenyl rings causes tilting of the trigonal boron planes
Scheme 1
Fig. 1 A view of the molecular structure of compound 1. Hydrogen
atoms are omitted for clarity. C: black, B: green, F: pink.
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with a large dihedral angle between them (42.8 and 42.11). This
forces the vacant boron pB orbitals out of conjugation with the
naphthalene rings enhancing Lewis acidity. This would imply
that the boron centers possess Lewis acidity at least in the
range of the highly Lewis acidic monofunctional boranes
RB(C6F5)2 (R = alkly, alkenyl, aryl, C6F5).
Treatment of complex 1 with 2,2,6,6-tetramethylpiperidine
(TMP) under H2 atmosphere (1.5 bar) resulted at 80 1C in the
formation of the white H2 splitting product 2 in ca. 23% yield
(Scheme 1), which featured a broad 1H NMR hydride resonance
at d 2.89 (BHB) and a signal for the acidic HN of the ammonium
component at d 2.11. 19F NMR spectroscopy furnished signals
at d 129.82 (o), 159.61 (p), 166.28 (m-F) with a Dd (m-F) 
(p-F) separation consistent with tetracoordinate boron. An
X-ray crystallographic studyz of 2 revealed that the unit cell
contained two independent molecules (see Fig. S3, ESIw). Fig. 2
shows only one of these. In both independent molecules the
hydride atoms were located in bridging positions. For one
molecule the B–H–B angle is 121(3)1 (B1–H1A–B2) and for
the other molecule it is 143(3)1 (B3–H1B–B4). The B1–H1A
and B2–H1A bond lengths are 1.45(5) and 1.41(5) A˚, while
those for B3–H1B and B4–H1B are 1.31(5) and 1.36(5) A˚. The
non-bonding separations between B1  B2 and B3  B4 are
2.491(8) and 2.534(8) A˚, respectively, which are compressed
with respect to the related interaction in 1. Unlike in a recently
reported ion paired structure concerned with the splitting of
H2 by a FLP, the corresponding B–H and N–H are not
oriented towards each other to form a dihydrogen bond.4,9
Instead, the ions of 2 are found to be connected through
multiple weak C–H  F hydrogen bonding interactions.
Further investigations demonstrated that 1 is an eﬃcient
‘‘ionic hydrogenation’’ catalyst for imines transferring H+/H
as a H2 equivalent. Table 1 summarizes the results for the
catalytic hydrogenation of imines. Under rigorous exclusion of
water and under 15 bar of H2 in the presence of 10 mol% of 1
conversion to the corresponding amines was achieved in yields
of 99% within 1 h at 120 1C except for PhCHQNPh (Table 1,
entry 3) and the sterically less demanding phenyl benzyl imine
(Table 1, entry 4). The TOFs of the catalytic reaction of the
phenyl diphenyl imine (Table 1, entry 1) were found to be
linearly dependent on the H2 pressure and thus demonstrated
ﬁrst order dependence in H2. This allowed us to conclude that
the H2 splitting reaction signiﬁcantly contributes to the rate
determining steps or is the rate determining step of the
catalytic cycle (see Fig. S1, ESIw). When benzophenone imine
was used as a substrate, the Lewis adduct 3 was formed
(Scheme 1). The crystal structure of this adduct (see Fig. S4,
ESIw) revealed a strongly distorted and strained geometry of
the naphthalenediyl fragment. The benzophenone imines are
each connected to one tetrahedral boron center causing long
non-bonding B  B distances of 3.851(5) and 3.870(5) A˚. The
imines seemingly attacked 1 at the distal sides of the
boron planes. The averaged B–N bond distance of 1.60 A˚
corresponds to a ‘‘normal’’ B–N bond. Thermal B–N dissociation
required for H2 splitting seems therefore quite unlikely.
By analogy to earlier suggestions for a catalytic hydrogenation
of imines with B(C6F5)3,
27,28 the mechanism would ﬁrst
involve heterolytic H2 splitting by the imine–borane FLP to
generate an iminium hydridoborate ion pair appearing in low
concentration (Scheme 2). This step is then followed by
hydride transfer from the [BH] unit to the iminium carbon
and subsequent dissociation of the boron–amine adduct
liberating the catalyst, as well as the amine product. None of
the imines of the entries E1–E7 of Table 1 was able
to heterolytically split H2 in the presence of 1 at room
temperature in a spectroscopically relevant amount.
Heterolytic H2 splitting with any of the FLPs takes place only
at elevated temperatures generating the iminium hydrido-
borate ion pair. In this context it is interesting to note that
when 2 and the iminium salt [PhCHQNHtBu][BF4] were
mixed in a 1 : 1 ratio, hydride transfer to the iminium part
and concomitant amine formation could not be observed even
at 120 1C. We concluded from this experiment that in the
Fig. 2 A view of the molecular structure of compound 2. Hydrogen
atoms except for BH and NH are omitted for clarity. C: black,
B: green, F: pink, N: blue, H: orange.
Table 1 Catalytic hydrogenation of imines by compound 1 and H2
Entry Imine t/h Amine Yield (%) TOF/h1
1 PhCHQNCHPh2
a 1 PhCH2NHCHPh2 499 20
2 PhCHQNtBu 1 PhCH2NHtBu 499 10
3 PhCHQNPh 1 PhCH2NHPh 78 8
4 PhCHQNCH2Ph 6 PhCH2NHCH2Ph o5% —
5 PhCHQN-p-C6H4Cl 1 PhCH2NH-p-C6H4Cl 499 10
6 p-ClC6H4CHQN-p-C6H4Cl 1 p-ClC6H4CH2NH-p-C6H4Cl 499 10
7 p-NO2C6H4CHQNPh 1 p-NO2C6H4CH2NHPh 499 10
a 5 mol% of compound 1.
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catalytic reaction the anion of 1 with ‘‘internal’’ H binding is
presumably not an intermediate, rather an ‘‘external’’ species
with the hydride connected to only one boron center and
facing the outside (Scheme 2). Consequently the intermolecular
hydride transfer to the iminium with formation of the amine
also occurs externally. Probing another internal mechanistic
possibility, we attempted the reaction of 2 with PhCHQNtBu,
which however did not insert into the B–H–B bond to generate
an amide complex, which demonstrated again that it is less
plausible to assume that the anion of hydride 2 is an inter-
mediate of the catalytic cycle of Scheme 2.
The ﬁnal step of the catalytic cycle, the dissociation of the B–N
adduct to free the catalyst and the amines, is often considered to
be rate determining,27 however, this seems diﬀerent for the
catalyses with 1. The quite congested geometries of the amine
adducts with 1 would not allow proper B–N interactions tight
enough to render under catalytic circumstances rate determining
dissociation. Therefore, in case the catalytic imine hydrogenation
with 1 is suppressed, this seems not to originate from a too tight
amine–boron adduct rather from the too low kinetic H2 aﬃnity of
1. ‘‘Internal’’ access of H2 penetrating into the gap between both
boron centers, the ‘‘super Lewis acidic activation pathway’’,
apparently possesses a higher barrier than the ‘‘external’’
access of H2 approaching just one boron center from the
outside. Therefore in catalytic reactions 1 behaves obviously
as one-centered and is related to the corresponding imine–
B(C6F5)3 FLPs. This was further substantiated by a com-
parison of the hydrogenation activities of 1 and B(C6F5)3 with
various imines displaying somewhat better performance for
B(C6F5)3, but overall both types of reaction were kinetically in
the same range (Table S1, ESIw). We then tested the H2
pressure dependence of the reaction of PhCHQNCHPh2 with
B(C6F5)3 and found that under identical conditions as for 1,
the TOF curve initially increased linearly with pressure and
reached a TOF of 20 h1 at 5 bar of H2.
Attempts to trace any interaction of H2 with the double
Lewis acid 1 via 1H and 19F NMR spectroscopy at tempera-
tures as low as 193 K were not successful, which might suggest
that the formation of a more stable and observable internal
1–H2 adduct has a high barrier to overcome, while the external
1–H2 adduct is relatively unstable—similar to the B(C6F5)3
cases—and too short-lived to be identiﬁed with conventional
analytical methodologies. Nevertheless H2 adduct formation
and splitting must occur in transient catalytic intermediates,
otherwise hydrogenation catalysis could not be envisaged.
In summary, we could prepare the novel bidentate
Lewis acid 1,8-bis(dipentaﬂuorophenylboryl)naphthalene,
which showed heterolytic splitting of H2 with TMP. It also
proved to be a good catalyst for the direct hydrogenation of
imines. Further detailed mechanistic investigations of FLP
with double Lewis acids are sought to eventually allow full
insight into the reaction course enabling ‘‘ﬁne tuning’’ in the
search for even more functional bidentate Lewis acids.
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